A dynamic integral sliding mode control (SMC) method for a class of mismatched nonlinear uncertain system is proposed in this paper. Based on the assumption of bounded uncertainties, a novel dynamic integral sliding mode surface is designed to overcome the inherent chattering problem of SMC. The gain of the proposed sliding mode surface is defined as an adaptive adjustment value, which could change the gain value according to the tracking error. By this way, the control system obtains an approaching rate proportional to the tracking error, thus weakening the chattering phenomenon effectively. Then the control law is designed to ensure the finite-time reachability of the closed loop system. Finally, numerical simulation is conducted to verity the validity of the proposed method.
Introduction
For practical systems, it's fairly difficult to establish a mathematical model accurate enough. In fact, impact effects deduced from modeling error, parameter perturbation and external disturbances are always inevitable. The linear mathematical model is on longer capable of the controller design. Thus the control problem for uncertain nonlinear system has become a hot topic in recent years [1, 2] .
Of all the relevant researches on uncertain system control, sliding mode control (SMC) could overcome the undesirable influence of uncertain by the structure change of controller [3] [4] [5] , which has overcome the quality restriction of traditional control theory. Compared with other sliding mode control methods, integral sliding mode control shows a lower demand for model accuracy, while the derivatives of system outputs and its errors are not essential known quantity and longer. Literature [6] proposed a novel integral sliding mode control method for minimum phase systems and non-minimum phased systems. In literature [7] , primary discrete integral sliding mode analysis was conducted on the basis of continuous integral sliding mode theory. In most cases, integral sliding mode surface is designed using the states value and its gradient. When uncertainties or external disturbances act on the controlled system, the above mentioned sliding mode surface may exacerbate the influence of uncertainties. Aiming at this problem, literature [8] proposed the design solution of dynamic integral sliding mode control, which was applied on a class of multiple input multiple output (MIMO) uncertain nonlinear system. As the dynamic integral sliding mode control could transfer the discontinuous terms to the first order or high order derivatives of control value, by which a substantially continuous dynamic sliding mode control law was obtained, thus the robustness of control system could be further improved. And the inherent chattering phenomenon of sliding mode control was restrained effectively. The above mentioned method was applied to launch vehicle attitude control system in literature [9] . And desirable control effect was obtained under the circumstance of parameter perturbation and external disturbances.
The paper proposes a dynamic sliding mode controller for a class of mismatched uncertain high-order nonlinear system. Under the assumption that the mismatched uncertainty has an upper bound, the dynamic sliding mode surface is designed using the system states value. To ensure the finite-time reachability of the system, the gain of sliding mode surface and its derivative is adaptively adjusted. The simulation results verify the superiority of the proposed method.
Dynamic Integral Sliding Mode Surface Design
Consider an uncertain nonlinear system with relative order of n at the original point 
where 0 ( ) f x and 0 ( ) g x are known smooth vector field of 
For system (1), the sliding mode surface could be designed using the system state variable, as well as the tracking error, when the integral sliding mode controller is utilized. The integral sliding mode surface is
where ( 1,2, , 1)
and k are given sliding mode surface parameter, which could be assigned by pole assignment method.
The basic idea of dynamic sliding mode control is to construct a sliding mode surface related to the first order and high order derivative of control variable. In this way, the discontinuous term is transferred to the derivatives of the control variable. On the base of (4), the dynamic sliding mode is
where  is positive number.
It could be seen from (5) that when S approaches 0, there is
is an asymptotic stable first order dynamic system. S will approach 0 in an exponent of e   , then the closed loop system reaches the sliding mode. It could be found that higher approaching speed could be changed by parameter  . Based on the analysis above, a definition of  is proposed as
which makes the gain of sliding mode surface change adaptively. w and satisfy the condition of 0 w  , 0   . It's obvious that when  is higher, a higher gain of S is achieved to improve the system's response speed. When  approaches 0, the gain of S will reduce as a result. However, the gain of S  will increase accordingly, and the system's chattering is weakened.
The uncertain parameter  will complicate the design of control law, and make it more difficult for engineering realization. Consequently,  is still not concerned here, the dynamic sliding mode controller is designed as
And the condition 1 n c     holds. Assumption 2 There is positive real number  exist, which makes the following inequality holds
Theorem 1 For nonlinear uncertain system (1), if the dynamic sliding mode surface (4) and the control law (7) are employed, the system is asymptotically stable, and the system states could reach the sliding mode surface in finite time.
Proof. Consider the Lyapunov function
From the definition of the sliding mode surface, the time derivatives of S are 1 2
Then it follows that 2 1 2 1 
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According to the previously declared assumptions, there should be
Thus the theorem is proved. And the proposed control system based on the dynamic sliding mode surface is asymptotically stable.
Simulation Results
The nonlinear uncertain system in the form of (1) 
The preference output and external disturbance are defined as
The simulation structure of the proposed dynamic integral SMC is shown in Fig 1 . For comparison, the classical sliding mode control and the integral sliding mode control method are utilized to verify the validity of the proposed method.
(1) Classical SMC. The switching function of the classical SMC is defined as a linear combination of the output error. . y is the system output. r y is the reference signal. Without regard to the effect of uncertain parameter  , the control law is defined as
where
. It is designed to compensate the negative impact of uncertain parameter and external disturbance ( ) d t . (2) Integral SMC. The integral sliding mode surface as (4) is chosen, and the control law is
The upper bound of the uncertain term ( ) f x is set as 1.4 A  . And the upper bounds of disturbance and its derivative are both set as 1.5. The sliding mode surface coefficient
. It is shown in Fig 2 and 3 that the response of the proposed controller is better than classical SMC and integral SMC. The sliding mode surface gain is adaptively adjusted to boost the speed of approaching speed. Meanwhile, the tracking error of classical SMC is smaller than the others. It is because that the sliding mode surface is designed with tracking error and its changing ratio, thus achieving the minimum tracking error. However, the all-order derivatives of outputs value must be known, which is an inevitable disadvantage of classical SMC. As the sliding mode surface of integral SMC is designed with system states and its changing ratio, and the only integral term of error value, the effect of uncertainties and external disturbance is strengthened. As a result, the system performance under sliding mode is worst among the 3 concerned controllers, and its tracking error is the biggest one. It could be seen from Figs 4 to 6 that, when the distance between system phase trajectory and sliding mode surface is concerned, the classical SMC is closest, the proposed controller comes second, and the integral SMC is farthest. However, the phased trajectory of classical SMC crosses the sliding mode surface repeatedly, which causes the so-called chattering problem. For integral SMC and dynamic integral SMC, situations are much better, and the system phase trajectories are parallel with the sliding mode surface. As a conclusion, the dynamic integral SMC achieves the best comprehensive performance for engineering application. Figs 7 to 10 show that the classical SMC and integral SMC present high-frequency and wide-range switching control variable from the beginning. On the contrary, the control variable of dynamic integral SMC shows fairly good smoothness and non-switching performance. It is because that the discontinuous term is transferred to the first order derivative of the control variable. The control law of the dynamic integral SMC is substantially continuous, thus the high-frequency switching of control value is eliminated. As the switching of control variable harm the engineering element seriously, the result has further verified the engineering practicability of the proposed controller. 
Conclusions
The paper proposed a novel dynamic integral sliding mode control for a class of mismatched nonlinear uncertain system. The controller relaxes the requirement for controlled plant as the all-order derivatives need not to be known. The dynamic sliding mode surface is designed to improve the smoothness of the control variable, and weaken the chattering effectively. The simulation results show that the proposed controller could achieve ideal dynamic property and tracking performance. There is no high-frequency chattering in the control variables, which is more feasible for engineering realization.
